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 Two-dimensional arrays of silver semi-shells  of 100 and 200 nm diameter 
display complex reflection and transmission spectra in the visible and 
near-infrared. Here we deconstruct these spectral features and 
demonstrate how they result from the coupling of incident light into a 
delocalized Bragg plasmon, and the latter’s  induction, in turn, of 
localized Mie plasmons in the arrays. These phenomena permit the 
excitation of transverse dipolar plasmon resonances in the semi-shells 
despite an ostensibly unfavorable orientation with respect to normally 
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The discovery of the anomalous transmission of light 
through opaque metal films containing a regular array of 
nanoholes[1,2] or through, or within, coatings comprised of a 
regular array of plasmonically active shapes such as 
nanowires,[3] semi-shells[4-11] or voids[12,13] has sparked 
widespread interest. This is because such structures may 
have potential applications in fields as diverse as 
nanophotonics,[14] sensing,[15] surface enhanced Raman 
scattering,[16] and optical filters.[17,18] The accepted 
explanation considered for such anomalous behavior is that 
the incident light couples via diffraction (scattering) into 
surface plasmon polaritons (SPPs) which then propagate 
across or along the coating through the holes or metallic 
nanostructures.[19,20] (Light does not normally couple to a 
smooth metal-air interface to produce a SPP because the SPP 
would have a momentum greater than the light at the same 
frequency.) The diffractive coupling with the new systems is 
made possible by prisms, gratings, or periodic sub-
wavelength corrugations, bumps and holes.[2] The term 
‘Bragg plasmon’[12] has been used to describe SPPs like this, 
which interact with the periodic mesoscale structure as they 
travel through it. The Bragg plasmons are bound to the 
surface, and propagate only a short distance until their 
energy is dissipated, but this is sufficient to transport the 
light from one side of the coating to the other, or generate 
some useful lateral enhancement of the electric field. As a 
result of the foregoing, it is now well known that these 
systems display anomalous transmission and reflection 
spectra compared to those of a flat metal surface with the 
same coverage of metal.[4,6-8,10-13]  
Coatings comprised of Au or Ag on a colloidal crystal 
template are particularly convenient systems with which to 
explore the coupling of light into and out of SPPs. This is 
both because they have a plasmon resonance in the visible 
portion of the spectrum and because they are noble (i.e. they 
are resistant to oxidation).These systems, albeit usually with 
somewhat larger spheres, are also excellent substrates for 
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Surface Enhanced Raman spectroscopy, a capability that has 
been well-explored by the Van Duyne group.[16,21] They may 
also have value as the basis of a refractometric sensor.[4,22] 
Ordered 2D arrays of semi-shells based on Au[6,8,11-13] and 
Ag[7,10] have also been investigated purely on account of 
their interesting optical properties. Most of the past work 
cited above, however, has been directed at semi-shells with 
internal diameters similar to the wavelengths of visible light 
and/or has been focused on SERS. Our interest, by contrast, 
is in the analysis of plasmonic phenomena in structures with 
sub-wavelength periodicities. In either case, the semi-shells 
in these arrays may also be subsequently separated from one 
another and will then exhibit quite different optical 
properties compared to when in contiguous form, [6,23,24] a 
point which we also address here. 
Arrays of silver semi-shells were prepared by depositing 
silver at an oblique angle and at various thicknesses onto a 
rotating substrate covered with a close-packed monolayer of 
100 or 200 nm diameter polystyrene nanoparticles (PSNs). 
This is based on the ‘nanosphere lithography’ technique [25] 
with the important difference that it is the deposit on top of 
the template that is of interest in the present work, rather 
than any little pillars or crescents of metal developed 
underneath it on the substrate. Further details are given in 
the experimental section.  
2. Results and Discussion 
2.1. Characterization of arrays 
Figure 1 shows a scanning electron microscope (SEM) 
image of a resulting array of silver semi-shells. The ordered 
domains are some 10 to 50 m in width (Supporting 
Information, Figure S1). 
  
Figure 1. SEM image of silver semi-shells of nominal 30 nm section 
thickness deposited onto a 2D hexagonal closed-packed array of 
polystyrene nanoparticles of nominal 200 nm diameter. The substrate is  
super white glass.  
Figures 2(a) and (b) show a typical transmittance 
spectrum collected at normal incidence ( 0°) and a 
reflectance spectrum (measured at near normal incidence of 
8º ) respectively, for a coating of 20 nm Ag on a monolayer 
of 200 nm diameter PSNs. The inset graph shows the 
absorptance, given by A = 1 - T - R. Also shown is the 
baseline: a 20 nm silver film on the glass substrate alone. A 
20 nm thick coating of Ag was chosen as the basic 
comparator in the present work because this is roughly the 
depth to which light penetrates silver in the visible part of 
the spectrum.[17,26] Observance of this criterion is considered 
desirable in order to maximize the generation of surface 
plasmon-polaritons.[26] The differences between the spectra 
for the smooth silver film and that of the semi-shell array 
can be attributed, in an empirical way, to the appearance of 
the following phenomena in the array: (1) suppressed 
reflectivity around 370 and 550 nm but increased reflectivity 
at around 420 nm, and (2) increased absorption at around 
350 and 525 nm. The net effect on the transmitted light 
(compared to the smooth silver film) is to cause 
anomalously low transmission through the array structure at 
around 340 nm and 470 nm. However, the transmittance far 
from those wavelengths is qualitatively similar to that of the 
flat Ag film. Therefore, in order to explain the difference 
between the optical properties of this array and an ordinary 
silver film, it is necessary to establish the occurrence of one 
or more phenomena that occur in the array coating at 
wavelengths between 340 to 370 nm, and between  470 to 
530 nm, but which are absent in the ordinary Ag film.  
 
Figure 2. Shows typical (a) transmittance and (b) reflectance for 20 nm 
thick semi-shells on ~200 nm polystyrene spheres on a glass substrate. 
The properties of an equivalent flat silver film on glass are shown for 
comparison. The transmittance shows a narrow distinct feature peak at 
=320nm typical for bulk films. Inset graph shows deduced absorptance.  
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The corresponding data for the coating produced by 
depositing various thicknesses of Ag onto a monolayer of 
100 nm diameter PSNs are shown in the Supporting 
Information (Figure S2). The results are qualitatively similar 
to those for the 200 nm diameter PSNs, but the change in 
diameter (and associated decrease in aspect ratio) caused the 
prominent 490 nm absorption peak of the 200 nm array to be 
shifted to about ~420 nm in the 100 nm array. On the other 
hand the absorptance peak at ~350 nm was not materially 
effected. 
Some insight into the operative phenomena can be 
gained by considering the optical properties of other arrays 
prepared from the polystyrene spheres, but in which 
systematic substitutions in materials were made. For 
example, the polystyrene monolayers alone showed only a 
monotonically decreasing and negligible absorption in the 
visible, with only a faint indication of slightly increased 
reflectivity between 420 and 600 nm, relative to other 
wavelengths (Supporting Information, Figure S3). This 
result is in contrast to that of Farcau and Astilean [7] who 
found that, in their experiment, the monolayers of bare 
polystyrene spheres interacted significantly with the incident 
light by what they described as ‘resonant coupling into the 
first waveguide mode’ of the monolayer. The criterion for 
this interaction is given by the parameter z 
 z = 3.a/  , z > 0.7       (1) 
where a is the radius and  the wavelength.[27] In the 
present samples (where   1.46 and a  50 or 100 nm) this 
is attained only when  < 225 nm and therefore well out of 
the part of the spectrum investigated. Therefore, the 
phenomena observed in the present Ag-coated array at ~360 
nm and ~530 nm are certainly not due to diffraction off the 
PSNs alone.  
Next we consider whether simple periodic modulation of 
the dielectric properties of the coating layer might be 
responsible. It is well-known that the application of 
materials of high dielectric constant, such as Si[28] or Ni onto 
ordered PSN arrays produce structures with complex optical 












SP     (2) 
where SP is the peak wavelength of the anomaly, m and 
d are the dielectric properties of the coating and sphere 
respectively, and m1 and m2 are integers. However, once 
again, because the present PSN are smaller than those used 
by most prior investigators, first-order or second-order 
examples of such peaks generated by equation (2) would 
only be expected at  < 300 nm. We also verified this 
experimentally : transmission through a Si-coated PSN array 
exhibited a  smooth transition from low to high between 
~500 and 700 nm. The reflectivity spectrum was relatively 
featureless, with a broad, low peak at about 440 nm 
(Supporting Information, Figure S4). Similarly, the optical 
properties of a SiO2-coated array of PSNs displayed little of 
interest (Supporting Information, Figure S5). Therefore, the 
sharp features observed on the spectra of the Ag-coated 
array in Figure 2 (or Figure S2) are not likely to be due to a 
simple grating-like modulation of the coating’s refractive 
index either. The lack of such features on the spectrum of 
the ordinary flat Ag film on glass also eliminates thin film 
stack effects as a possible explanation. 
Instead, evidence in support of the contention that the 
features on the optical spectra are due to one or more 
plasmon resonances was obtained by over-coating the Ag 
semi-shell arrays with Al2O3 or SiO2. This would be 
expected to red-shift a plasmon resonance, but have only a 
modest effect on any purely diffractive phenomena. The 
results are given in the Supporting Information (Figures S6 
and S7) and show the expected red shift. Therefore it is 
certainly feasible, on this basis, to attribute the strong 
absorbance peaks at 400 and 490 nm in the 100 and 200 nm 
arrays respectively to a plasmon resonance. 
 
Figure 3. Transmission spectra for 2-D arrays of semi-shells of 200 nm 
inside diameter and with various thicknesses of Ag. The most remarkable 
aspects are that the samples which are coated with 20 nm or more of Ag 
show an anomalous peak in their transmission spectra at about 550 nm 
and low transmittance in the near-IR, whereas in contrast the sample 
coated at 5 nm is virtually transparent in the near-IR. Inset graph shows, 
however, that the transmittance at ~325 nm is simply proportional to the 
thickness and therefore not due to a plasmonic or diffractive phenomenon. 
Varying the thickness of silver in the semi-shell arrays 
also had a pronounced effect on their optical properties 
(Figures 3 and 4, and Figure S2 in the Supporting 
Information). Some of this effect is due simply to 
attenuation; this is evident if the transmission at ~325 nm is 
considered in the 200 nm array (Figure 3, inset). At this 
wavelength the transmission through the array,  and its 
variation with thickness, is very similar to that through a flat 
Ag film, and follows the same trend with thickness. The 
more interesting phenomena are rather the two anomalously 
high absorptances identified earlier for the 200 nm structure 
at ~350 nm and ~525 nm, now shown in Figure 4 for various 
coating thicknesses. The first absorptance peak is not visible 
on the spectrum for the 5 nm thick coating because in that 
case it is masked by the strong absorption due to the 
interband transitions of silver. However, it is slightly red-
shifted by an increase in coating thickness, reaching 363 nm 
for the 50 nm thick coatings. The second peak is strongly 
blue-shifted as the coating thickness is increased, starting at 
601 nm for the 5 nm thick coatings, and moving to only 544 
nm for the high thickness coatings. The threshold thickness 
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for percolation in Ag films is about 10 nm, [29] and a 
transition in the optical response from one due to localized 
surface plasmon resonances on individual blebs of sputtered 
Ag, to one due to delocalized surface plasmon-polaritons is 
observed when percolation is achieved. This is particularly 
obvious in the near-infrared reflectivity, which changes from 
low to high as the percolation threshold is crossed (Figure 





Figure 4. (a) Reflectance and (b) absorptance spectra of arrays of semi-
shells with ~200 nm diameter cores and different thicknesses of Ag, 
showing rather different modes of plasmon resonance. There is a 
significant growth and strengthening of the absorption peak at about 500 
nm as the coating of Ag becomes continuous and thicker. 
Since Bragg plasmons are longitudinal modes confined 
to the surface,[30] the direction and extent to which they are 
excited will depend on the polarization of the incident light 
and its orientation with respect to the close-packed direction 
of the array.[31]  The effect of polarization is clearly 
observed for the present samples, in which it is seen that an 
increase in the angle of incidence of p-polarised light causes 
a decrease in the width, and red-shift in the position, of the 
prominent transmittance peak originally at 380 nm (Figure 
5a). This must be due to a corresponding increase in either 
or both absorptance or reflectance at about 350 nm. On the 
other hand, only attenuation of the transmission peak occurs 
when the same experiment is carried out with s-polarized 
light (Figure 5b). Attenuation of the peak, without a shift in 
its wavelength, is simply the result of the light having to 
transverse a greater thickness of coating when at higher 
angles of incidence. However, no effect of azimuthal 
rotation of the substrate is observed (Supporting Information, 
Figure S8) because the beam size of the spectrophotometer 
is so large as to effectively average out the effect of the 






Figure 5. Transmittance spectra of the sample in Figure 2 measured at 
different angles of incidence.  (a) p-polarized light (b) s-polarized light. 
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2.2. Numerical simulation of optical properties 
Some further insight into the situation may be gained by 
numerical simulations of the optical properties. Here we 
have used a code based on the discrete dipole 
approximation[32,33] and for which input targets are 
generated as described elsewhere.[34] Of course the real 
semi-shells are complex shapes and some simplifying 
assumptions must be made in order to do the calculations. 
Furthermore, it is not currently feasible to simulate a whole 
array of such comparatively large nanostructures; however, 
individual semi-shells can certainly be simulated.  
In Figure 6 we show the simulated extinction and 
absorption efficiencies of a smooth Ag hemisphere of 140 
nm ID and 180 nm OD, on a polystyrene core. This shape 
was chosen because it is intermediate in nature between the 
100 and 200 nm semi-shells produced experimentally. The 
results for the two important orientations of the electric field 
are shown, and each orientation generates a rather different 
plasmon mode; these have been defined elsewhere as the  
and  modes.[35] The  is a simple dipole, i.e. transverse, 
oscillation, while the  mode may be considered to be a 
longitudinal oscillation. An animation of the  resonance in 
semi-shells of 100 nm inside diameter is provided in the 
Supporting Information as an AVI file. The effect of surface 
roughness, and the effect of multiple particle orientations are 
examined in Figure 7. Adding roughness to the outer surface 
of the hemisphere causes some broadening of the peaks and 
a red-shift of some 20 nm, but it not otherwise significant. 
However, comparison of the peaks in Figures 6 and 7 show 
that the inclusion of the polystyrene core in the calculations 
of Figure 6 caused a significant red-shifting of all of the 
main resonance modes. There is also a third mode evident, at 
about 400 nm, which we do not discuss further here (but see 
Cortie and Ford[35]). The various kinds of targets are shown 
as insets. 
 
Figure 6. Effect of polarization on the absorption and extinction 
efficiencies of a 140 nm inside diameter, 180 nm outside diameter Ag 
semi-shell, calculated taking into account the presence of a spherical 
polystyrene core. 
 
Figure 7. Effect of surface roughness on absorption and extinction 
efficiencies of a 140 nm ID, 180 nm OD Ag semi-shell,  averaged over 125 
target orientations. 
It is evident that the action of the p-polarized light on the 
array (Figure 5a) can be qualitatively explained by an 
increased strength of the   resonance as the angle of 
incidence increases. However, this mode would not be 
expected in the first instance to be active in the array when 
the light is normally incident[35] because the polarization of 
the light would be at 90º to the direction of  dipole 
oscillation, and could therefore not excite it. However, 
coupling would be expected as the angle of incidence of p- 
(but not s-) polarized light was increased. On the other hand, 
the strong  (longitudinal) plasmon mode expected for a 
semi-shell presented at right angles to light [35] might have 
been expected, but is clearly absent in these coatings. These 
observations are consistent with a explanation in which the 
incident beam (and its polarization) is diffractively coupled 
into the array and partially rotated into the form of laterally 
propagating Bragg plasmons.[2,9,19,26,30] 
Therefore, to verify that the  resonance is actually 
suppressed in the array, and to confirm its nature,  we both 
measured and simulated the extinction spectra when the 
nominally 200 nm, 20 nm thick Ag semi-shells were 
liberated from the substrate and taken up into suspension in 
CH2Cl2 (Figure 8). When in suspension the semi-shells will 
certainly respond as discrete particles. [11,24,35,36] There is a 
resonance mode at ~530 nm and a very strong one at ~1100 
nm in the present semi-shells, and excellent agreement 
between the measured and calculated spectra. Calculations 
were carried out with three model geometries (See figure 
caption). Irrespective of the geometric model used, it is clear 
that the discrete semi-shells display a major resonance at 
about 1000 to 1100 nm that is absent in the contiguous array 
from which they were liberated. The best matching model 
was the one with the irregular rim, the effect of which was 
to broaden, attenuate and red shift the plasmon resonances. 
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Figure 8. Comparison of measured absorbance and calculated optical 
extinction coefficients for three types of hollow Ag semi-shells of 200 nm 
inner diameter, suspended in CH2Cl2 .Three models were used in the 
simulations, a. simple hemisphere, b. tapered wall thickness with loose 
material around rim removed, c. tapered target, loose material around rim 
left in place, target cut away to show internal structure. 
These results strongly suggest that the prominent 
absorption peaks at 400  and 490 nm for the arrays deposited 
on the 100 and 200 nm cores respectively are due to alpha 
resonances. Simulations of the  resonance in various 
models of semi-shells are shown in Figure 9 along with the 
corresponding experimentally determined absorptivity. It is 
clear that the basic form of the experimental data for the 100 
nm core semi-shells can be well simulated with appropriate 
polystyrene-cored semi-shell models. The match for the 
semi-shells of ~200 nm diameter is not as good. This may be 
due to the effect of plasmons in neighboring semi-shells, 
acting in concert to reinforce the alpha resonance, and 
suppressing any multipole resonances that would otherwise 







Figure 9. Close correlation between calculated and measured  plasmon 
resonances in Ag semi-shells of the present work. (a) data for 30 nm Ag 
semi-shells formed on 100 nm diameter polystyrene cores, calculation is 
for a 100 nm polystyrene hemispherical core, coated with a 30 nm shell of 
Ag  (b) measured data for a sample with thinner wall thickness (cf. Figure 
S2 in Supporting Information) with a calculation based on a tapered shell 
profile (c) data for 200 nm polystyrene cores with simulations based on 
hemispherical semi-shells..  
Finally, the disappearance of the  resonance in the array 
can be explained by the fact that it is a localised (i.e. Mie) 
resonance. When adjacent shells are connected by a 
sufficiently thick neck of silver the charge oscillation simply 
propagates across the neck, from shell to shell, i.e it 
becomes a Bragg plasmon with a very much red-shifted 
resonance condition. This is readily seen in simulations of 
the optical properties of structures comprised of one, two 
and three contiguous semi-shells, Figure 10. The structure is 
simulated in vacuum and has a 100 nm inner diameter and a 
20 nm tapered shell. The  resonance of a single shell is at 
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about 600 nm in this case, but is increasingly shifted out to 
the near-infrared in the two- and three-shell arrays. It is 
feasible in our opinion to consider that it will be further 
shifted to well beyond 3000 nm in an array of several semi-
shells. Regrettably, however simulations of such big systems 
lie beyond the capability of the hardware and software that 
we are currently using. Note, however, that propagation of 
the  resonance from semi-shell to semi-shell requires a 
contiguous metallic connection  between them (Supporting 
Information, Figure S9).   
 
Figure 10. Simulation of the optical properties of one-, two- and three-
shell arrays for normally incident light (and a longitudinally oriented 
electric field). The  resonance of the single shell is red-shifted into the 
near-infrared by the addition of adjacent shells. 
3. Conclusions 
    Well ordered, two-dimensional arrays of nanoscale silver 
semi-shells may be readily fabricated by nanosphere 
lithography. The arrays have rich optical characteristics due 
to the excitation of different types of plasmon modes. The 
dominant far-field effect is due to a dipolar plasmon 
resonance in individual semi-shells but excitation of this 
mode can only be explained if the incident light was coupled 
to, and rotated 90º by, a Bragg plasmon in the plane of the 
array. The optical effects can be tuned by controlling the 
thickness of silver deposited, by selection of the nanosphere 
starting diameter, or by over-coating with other, non-
plasmonic, dielectrics. Furthermore, the unique dispersion 
behavior also depends on the inclination and polarization of 
the incident light.  The new insights into, and control of, 
these fascinating nanostructures may facilitate their 
exploitation in novel technological applications. 
 
 
4. Experimental Section 
Monodisperse spherical polystyrene particles of 100 and 
200 nm diameter were obtained from Spherotech Inc. The 
nanospheres were diluted 1:2 (v/v) in a solution (1:400 v/v) 
of Triton X-100 in methanol. 10 L of the diluted 
suspension was spin-cast at 2000 rpm onto optically 
polished super-white glass (20 x 20 x 1 mm3) substrates 
from ProScientific. ‘Super-white’ glass are exceptionally 
flat and parallel, with a clean, wettable surface and possess 
optimum light transmission with minimum fluorescence or 
intrinsic colour. The glass had been previously ultrasonically 
cleaned with detergent solution for 20 minutes, rinsed with 
distilled water, and dried with high purity nitrogen gas. 
Single layer, thin films of Ag were deposited using high 
vacuum, DC magnetron sputtering. The sputtering target was 
a 99.999% Ag disc (50 mm diameter), placed 150 mm away 
from the substrate. The substrate was rotated 10 rpm and 
placed at  50° to the flux of silver. The base pressure was 
better than ~1x10-4 Pa (~10-6 Torr), while sputtering was 
carried out in presence of flowing Ar, at a pressure of 0.3 Pa. 
Surfaces exposed at right angles to the flux of Ag received 
the full thickness of coating, but obviously this thinned 
towards the edges of the spheres, with thickness t cos( ) , 
where the   designates the inclination of the particle surface 
with respect to the deposition direction. As a consequence,  
this effect leads to the individual silver caps being joined 
around their equators by only a bridge of Ag, as shown in 
Figure 1. The grain size in the Ag coating was of the  order 
of 20 nm. Measurements of transmittance T( ) and 
reflectance R( ) were carried out using a Perkin-Elmer 
Lambda 950 UV/VIS/NIR spectro-photometer over the 
visible and near-infrared wavelength range 300 nm <  < 
2500 nm. Reflectance was measured at the near-normal 
incidence angle of =8°. The optical response of the samples 
was measured over the visible and near-infrared wavelength 
range, 300 nm <  < 2500 nm. Both transmittance, T( ), and 
reflectance, R( ), were determined in order that the 
absorptance, A( ), could be determined via  
A( ) = 1 - R( ) - T( ) 
An anomalous increase in absorptance is an indicator of 
the probable presence of a plasmon. [29] The thickness of film 
deposited was determined with calibration of the system,  
with respect to the deposition angle of 50°. 
 The simulations of optical properties were performed 
with the DDSCAT program of Draine and Flatau.[32] This 
breaks up an arbitrary, nanoscale target into notional dipoles, 
and then solves for the extinction, absorption and scattering 
efficiencies numerically. The process is slow for larger 
targets and especially so when they contain materials (such 
as metals) with large dielectric constants. Convergence is 
abetted by having as small a dipole volume as is practicable. 
In this work dipole volumes of between 3 and 10 nm3 were 
used, necessitating the generation of targets with between 50, 
000 and 250,000 dipoles. 
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Figure S1. Low magnification scanning electron microscope image of a typical coating showing how the regular ordering of the spheres 
is interrupted with domain boundaries spaced some tens of micrometers apart.   
 
 
(a)           (b) 
 
(c) 
Figure S2. Optical characteristics of arrays made by 
depositing various thicknesses of Ag onto an ordered 
monolayer of 100 nm diameter polystyrene spheres, 
(a) transmittance, (b) reflectance, (c) absorptance 
calculated from A=1-R-T. These curves have been 
vertically offset from one another in order to allow the 































Figure S7. Red-shift in absorption peaks when a 20 nm Ag-on-200nm-PSN array is over-coated in turn with SiO2.   
 
 
Figure S8. Effect of azimuthal rotation on the absorbtance of a coating produced by depositing 20 nm of Ag onto a layer of 100 nm 














Figure S9. Effect of the nature of the ligament or ‘neck’ between two adjacent semishells on the propagation of the  (longitudinal)  
plasmon resonance. (a) Cross-sections through Ag targets used in the simulation. Each target has an internal diameter of 100 nm and 
is coated with a maximum of 20 nm Ag. The centre-to-centre distances of the three targets used are 100 nm, 105 nm and 140 nm. (b) 
Calculated optical extinction efficiencies of the three targets, with polarization of light as shown in Figure 10 of main paper.  
 
